The hardness of 0.5-mm-thick single-crystal aluminum nitride (-AlN) was measured by the nano-indentation method at room temperature. The hardness was 18 GPa while the bulk, Young's and shear moduli, were evaluated to be 220, 374 and 154 GPa, respectively. [DOI: 10.1143/JJAP.41.4620] KEYWORDS: aluminum nitride, hardness, nano-indentation, elastic moduli Increasingly, III-V nitrides are finding applications such as in high-power/high-frequency devices, high-power switches and blue and ultraviolet light-emitting devices/ photo-detectors. Besides widely known GaN, aluminum nitride (AlN) also possesses many attractive characteristics, e.g., a large band gap (6.2 eV), low thermal expansion (2:7 Â 10 À6 K À1 ), high thermal conductivity (320 W/mÁK) and a high melting point ($2700 K). In addition, AlN has attracted much attention for applications such as a dielectric substrate, as a chemically stable substrate material for the epitaxial deposition, and as a material for optical and radardome windows. Many of the properties required for characterizing the material have been determined in the past, but far less is known about its mechanical properties. The mechanical characteristics are crucial for solving the problems of residual stress/strain and defect density control in device designs. Considerable effort has already been made to evaluate the electronic structures and elastic stiffness coefficients of AlN and other III-V nitrides by ab-initio calculations.
Increasingly, III-V nitrides are finding applications such as in high-power/high-frequency devices, high-power switches and blue and ultraviolet light-emitting devices/ photo-detectors. Besides widely known GaN, aluminum nitride (AlN) also possesses many attractive characteristics, e.g., a large band gap (6.2 eV), low thermal expansion (2:7 Â 10 À6 K À1 ), high thermal conductivity (320 W/mÁK) and a high melting point ($2700 K). In addition, AlN has attracted much attention for applications such as a dielectric substrate, as a chemically stable substrate material for the epitaxial deposition, and as a material for optical and radardome windows. Many of the properties required for characterizing the material have been determined in the past, but far less is known about its mechanical properties. The mechanical characteristics are crucial for solving the problems of residual stress/strain and defect density control in device designs. Considerable effort has already been made to evaluate the electronic structures and elastic stiffness coefficients of AlN and other III-V nitrides by ab-initio calculations. [1] [2] [3] [4] [5] Hardness is a material parameter indicating resistance to elastic/plastic deformation. Various indentation hardness methods are used to determine mechanical properties of materials over a wide range of size scales. Recently, nanoindentation has gained interest because it can clarify the mechanical properties of thin films while avoiding the effects from substrates. Some groups evaluated the elastic moduli of GaN thin film materials from hardness measurements. 6, 7) Recently, high quality single crystal -AlN (wurtzite structure) has been successfully fabricated 8) and one of the present authors reported high temperature hardness. 9) This paper reports the results of the nano-indentation measurements of bulk single-crystal -AlN at room temperature for the purpose of clarifying the elastic moduli.
Crack-free -AlN single-crystal of 0.5 mm thickness was prepared from high-quality AlN thick film grown on (111) silicon substrates by the HVPE technique. 8) After the HVPE process, Si substrates were removed by chemical polishing. The nano-indentation hardness tests were conducted on the (0001) surface of the crystal using a Nanoindenter UMIS-2000 (XSIRO) equipped with a sharp triangular diamond indenter (Berkovich-type) in a continuous depth-sensing mode. The temperature and humidity were kept constant 24 C and 40%, respectively, during the tests. The measured relations between the applied load P and the indentation depth h during penetration are shown in Fig. 1 . All the load-displacement (P-h) curves seem to be smooth and regular without discontinuities, which seems to indicate the absence of twinning and cracking. 10, 11) Concerning the pressure-induced phase, AlN has been predicted theoretically at 16.6 GPa (ref. 12) and also reported experimentally to show a wurtzite-to-rocksalt transition around 22.9 GPa at room temperature. 13) These pressures are close to or slightly higher than those reached in the indentation experiments in the present study and no indication for a phase transition was detected in the P-h curves.
From the P-h curves obtained for various P max the hardness H and Young's modulus E of AlN can be evaluated, according to the widely accepted procedure. 14) The method is based on fitting the unloading curve according to a power-law dependence where the unloading stiffness S ¼ dP=dh and constant area A can be determined. H and E are deduced from the relationship:
where the constant depends on the tip geometry (1.034 for the Berkovich indenter), while E 2 and 2 are Young's modulus and Poisson ratio of the indenter material, respectively. The Poisson ratio for AlN has been reported to be ¼ 0:179 and 0.245 by Gerlich et al. 15) and Boch et al., 16) respectively. When the average value of 0.212 is adopted for the Poisson ratio, we obtained E ¼ 369{379 (AE10) GPa and H ¼ 16{18 GPa for the load range of P from 5 to 50 mN. In Short Note the isotropic approximation, which appears justified on the basis of the nearly isotropic elastic parameters computed by Shimada et al., 5) the bulk and shear modulus B and G can be also evaluated, using the relations B ¼ E=3ð1 À 2Þ and G ¼ E=2ð1 þ Þ. Table I compares our results with other data in the literature.
2,5,13,15-20) The Young's modulus E and bulk modulus B obtained in the present study exceed those obtained from the sound velocity (Brillouin scattering) and X-ray diffraction measurements for sintered polycrystals and powders of AlN. The obtained bulk modulus B is rather close to that from theoretical calculations. 2, 5) The estimated shear modulus G is slightly higher than that in the previous data. Probably the moduli depend strongly on the degree of porosity in the sintered samples as pointed by Ruh et al. 19) besides the existence of grain boundaries. Now, we verify our experimental results on elastic parameters in comparison with those derived from the theoretical evaluations for indentation tests. Written out fully for wurtzite-type crystals, the elastic constant matrix and the strain matrix in Voigt notation are 
where c 66 ¼ ðc 11 À c 12 Þ=2, and strain components 
Then, the Poisson ratio is given by the following relation
Thus, the following relation gives the Young's modulus along the c-axis relevant to the indentation
Using eqs. (4) and (5), the Poisson ratio and Young's modulus E for wurtzite AlN are evaluated with the theoretical elastic parameters reported by Shimada et al. 16) The Young's modulus estimated from the elastic parameters by Shimada et al. 5) shows good agreement with that measured in the present experiments. The measured bulk and shear moduli too, agree well with the ab initio results 2, 5) as seen in Table I where other experimental data 13, 15, 16, 18, 20) are listed for comparison sake. 
